DNA methylation is a conserved epigenetic mark in plants and many animals. How parental alleles interact in progeny to influence the epigenome is poorly understood. We analyzed the DNA methylomes of Arabidopsis Col and C24 ecotypes, and their hybrid progeny. Hybrids displayed nonadditive DNA methylation levels, termed methylation interactions, throughout the genome. Approximately 2,500 methylation interactions occurred at regions where parental DNA methylation levels are similar, whereas almost 1,000 were at differentially methylated regions in parents. Methylation interactions were characterized by an abundance of 24-nt small interfering RNAs. Furthermore, dysfunction of the RNA-directed DNA methylation pathway abolished methylation interactions but did not affect the increased biomass observed in hybrid progeny. Methylation interactions correlated with altered genetic variation within the genome, suggesting that they may play a role in genome evolution.
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Contributed by Jian-Kang Zhu, May 18, 2016 (sent for review April 25, 2016 ; reviewed by Yijun Qi and Robert J. Schmitz) DNA methylation is a conserved epigenetic mark in plants and many animals. How parental alleles interact in progeny to influence the epigenome is poorly understood. We analyzed the DNA methylomes of Arabidopsis Col and C24 ecotypes, and their hybrid progeny. Hybrids displayed nonadditive DNA methylation levels, termed methylation interactions, throughout the genome. Approximately 2,500 methylation interactions occurred at regions where parental DNA methylation levels are similar, whereas almost 1,000 were at differentially methylated regions in parents. Methylation interactions were characterized by an abundance of 24-nt small interfering RNAs. Furthermore, dysfunction of the RNA-directed DNA methylation pathway abolished methylation interactions but did not affect the increased biomass observed in hybrid progeny. Methylation interactions correlated with altered genetic variation within the genome, suggesting that they may play a role in genome evolution.
NA methylation is a conserved epigenetic mark in many eukaryotes (1) (2) (3) (4) (5) (6) . In plants and mammals, DNA methylation plays important roles in genome stability, genomic imprinting, paramutation, and gene regulation during development and diseases (1) (2) (3) (4) (5) (6) . Parental genetic alleles interact in the filial 1 (F1) progeny in a Mendelian manner. DNA methylation may affect this interaction such that methylated epialleles may show nonadditive interactions. This notion is supported by recent observations that hybridization results in nonadditive changes in the F1 plant DNA methylome (7, 8) . It has been proposed that genome-wide interactions between parental epialleles in F1 hybrids are critical for hybrid vigor, the superior performance of hybrids compared with their parents (8) (9) (10) (11) (12) (13) . Epigenome interactions may confer nonadditive transcriptional and epigenetic activities in hybrid offspring compared with the parental lines. In contrast to additive regulation, which leads to midparent value (MPV) levels equal to the average of the two parental lines, nonadditive regulation results in a deviation from the MPV, such that the F1 hybrid resembles the high-or low-expression parent. In addition, nonadditive regulation can be transgressive, which is beyond the range of the parental levels (14) .
Studies in rice and Arabidopsis have identified nonadditive changes in DNA methylation levels at loci where parental methylation levels are different [differentially methylated regions (DMRs)] (7, 8, 11, 12, 15, 16) . These "methylation interactions" were attributed to two mechanisms, transchromosomal methylation (TCM) and transchromosomal demethylation (TCdM), whereby the methylation level of one parental allele is altered to resemble the methylation level of the other parental allele (7, 8, 17) . At some genomic loci, the transmethylation events in F1 were shown to be inherited to the next generation, as observed for paramutation (17) . Nonetheless, a thorough profile of DNA methylation interactions across the whole Arabidopsis genome has yet to be determined. In particular, it remains unclear whether DNA methylome interactions occur only at DMRs between the two parents.
Plant cytosine DNA methylation occurs in all three sequence contexts, including the symmetrical CG and CHG (H = A, C, T) contexts and the asymmetrical CHH context (2) . Establishment of DNA methylation in all three cytosine contexts can be mediated through the RNA-directed DNA methylation (RdDM) pathway, in which the complementary pairing between small interfering RNAs (siRNAs) and scaffold RNAs is thought to determine the target specificity of the DNA methyltransferase domains rearranged methyltransferase 2 (DRM2). The plant-specific RNA polymerase (Pol) Pol IV is essential for producing the majority of 24-nt siRNAs in the RdDM pathway, and another plant-specific RNA polymerase, Pol V, is responsible for transcription of the long noncoding RNAs that function as scaffold RNAs while being tethered to the chromatin (4, 6, 18) .
In Arabidopsis F1 hybrids, DNA methylation interactions frequently correlate with changes in siRNA levels (7, 8, 12, 15, 16) . Similarly, DNA methylation interactions in rice F1 hybrids were shown to be strongly associated with regions where siRNA production is unequal in the two parents (11) . An association between changes in DNA methylation levels and transgressive siRNAs has also been observed in tomato hybrids (19) . These observations
Significance
The epigenome influences gene regulation and genome evolution. The DNA methylomes of Arabidopisis hybrids are distinct from both parents; however, how the parental methylomes interact in hybrids is poorly understood. We discovered pervasive, nonadditive DNA methylation changes ("methylation interactions") throughout the genome in hybrids of Col and C24 Arabidopsis accessions. Methylation interactions correlated with high levels of small interfering RNAs, known components of the RNA-directed DNA methylation (RdDM) pathway. Indeed, abrogation of RdDM activity abolished methylation interactions in filial 1 (F1) hybrids. Methylation interactions have distinct polymorphism frequencies: Regions with increased methylation compared with the parents are highly conserved, whereas regions with decreased methylation are divergent. Our results show that RdDM is required for DNA methylation interactions in hybrids. strongly suggest a role for RdDM in hybrid methylome interactions. However, genetic evidence directly linking RdDM with methylome interactions in hybrids has been lacking. In addition, the role of RdDM in hybrid vigor is unclear.
We analyzed Arabidopsis DNA methylomes and small RNAs (sRNAs) of Col, C24, and their F1 hybrids in both the WT background and in a mutant background that is defective in RdDM. Our analyses yielded important insights into DNA methylome interactions in hybrids, in addition to identifying patterns that are consistent with previous reports. We identified hundreds of TCM and TCdM DMR loci in the F1 progeny. Unexpectedly, however, our results revealed that hybrid methylome interactions are dominated by TCM at thousands of loci, where DNA methylation levels are similar between Col and C24 [similarly methylated regions (SMRs)]. We demonstrate that the RdDM pathway is essential for methylome interactions. Interestingly, TCdM and TCM are positively and negatively linked with genetic variations, suggesting that highly divergent siRNAs from one allele cannot induce methylation of the other allele, whereas conserved siRNAs can trigger methylation. We found that DNA methylation levels change at both parental alleles in hybrids, suggesting that communication between alleles is important for RdDM. Some of the allelic communication is independent of diffusible siRNAs, and our data suggest that RdDM may involve interallelic pairing.
Results
Pipeline to Identify DNA Methylome Interactions in Col/C24 DMRs. To understand DNA methylation interactions in the F1 hybrids of Col and C24, we generated single-base resolution maps of the DNA methylomes from Col, C24, and their reciprocal F1 hybrids using 14-d-old plants. The overall cytosine methylation levels of Col and C24 are 6.75% and 7.05%, respectively, which are consistent with earlier studies (8, 20) . We observed increased DNA methylation levels (8.91% and 9.6%) in reciprocal F1 hybrids of Col and C24 relative to their parents (SI Appendix, Fig. S1A ). DNA methylation increased in all three sequence contexts (CG, CHG, and CHH) in both F1 hybrids relative to their parents (SI Appendix, Fig. S1A) . The increased methylation level in F1 hybrids relative to parents is consistent with previous observations in Ler × C24 hybrids (7, 8) .
To identify regions of methylation interactions in F1 hybrids, we compared the methylomes of each F1 hybrid and the methylomes of their parents. Previous studies had suggested that methylome interactions in F1 hybrids occur in DMRs between parental alleles (7, 8) . We identified 10,581 DMRs between Col and C24 parents (Fig. 1A) . Among these DMRs, 7,487 showed higher methylation levels in Col than C24, and are referred to as Col_DMRs hereafter. Similarly, the remaining 3094 DMRs with higher methylation levels in C24 are referred to as C24_DMRs.
Because of sequence variations between Col and C24 ecotypes, the amplification efficiency during sequencing and the ratios of mapped reads to sequenced reads could be different between Col and C24 alleles for the same genomic region (SI Appendix, Fig.  S1B ). To account for these differences in the predicted additive methylation level in F1 hybrids, we determined the weighted methylation levels [predicted additive value (PAV)] instead of the mean methylation level (MPV) for hybrid progeny, as previously described (21) (Materials and Methods). We compared the methylation levels of F1 hybrids with the calculated PAVs for all of the 10,581 DMRs. We found that the methylation levels in F1 hybrids are not significantly different from PAVs [false discovery rate (FDR) > 0.01] at 91.4% of DMRs (9, 669) , suggesting that there is no methylation interaction at these regions ( Fig. 1 A and B) . Hereafter, these regions are referred to as noninteraction (NI) DMRs. In contrast, the F1 DNA methylation levels at the remaining 912 DMRs were significantly different (either higher or lower) from PAVs (Fig. 1A) , suggesting methylation interactions at these regions. Based on a study by Greaves et al. (7), we classified the methylation interactions as TCM, in which the methylation level in F1 is significantly higher than PAV (FDR < 0.01), and TCdM, in which the methylation level of F1 is significantly lower than PAV (FDR < 0.01) ( Fig. 1 A and B) . TCM and TCdM refer to allelic interactions of specific chromosomal loci. Of the 912 DMRs, there were 680 TCM DMRs and 232 TCdM DMRs (Fig. 1A) . In contrast to NI DMRs, which are enriched within genic regions, TCM and TCdM DMRs tend to reside in transposable elements (TEs), intergenic regions, and 1 kb upstream and 1 kb downstream of gene regions (Fig. 1C ).
Characterization and Validation of DNA Methylation Interactions in
Col/C24 DMRs. To characterize TCM and TCdM DMRs further, we calculated the DNA methylation levels of high-parent alleles, lowparent alleles, and reciprocal F1 hybrids. We also calculated the PAV and MPVs of F1 hybrids for each DMR. We found that the F1 methylation levels are significantly higher and lower than PAVs/ MPVs at TCM and TCdM DMRs, respectively ( Fig. 2A and SI Appendix, Fig. S6A ). We also analyzed allele-specific DNA methylation of NI DMRs, which revealed parental levels of allele-specific methylation in F1 and Mendelian segregation in F2 progenies (SI Appendix, Fig. S1C and Table S1 ).
At TCM DMRs, both high-parent and low-parent alleles of F1 have higher methylation levels relative to their parents and it seems that both alleles contribute to the increased methylation levels in F1 hybrids (Fig. 2B ). For example, at the TCM DMR (a C24_DMR) near At3g20830, the Col allele is unmethylated in the Col parent but gains methylation in reciprocal F1 hybrids, and the C24 allele is highly methylated in the C24 parent and hybrids ( Fig. 2C and SI Appendix, Fig. S2A ). We further assayed the DNA methylation status of F2 offspring at this locus, along with another TCM-DMR locus (a Col_DMR; SI Appendix, Fig. S2D ), using allele-specific methylation-sensitive restriction enzyme PCR (Chop-PCR). Interestingly, all of the samples of F2 populations are methylated at the two loci (Table 1) , thus displaying a non-Mendelian inheritance pattern that is reminiscent of paramutation (22) . We also analyzed allele-specific methylation of TCdM DMRs and found that the decreased methylation level of these regions relative to the PAV in F1 arises mainly from a reduction in methylation of high-parent alleles (Fig. 2B ). For example, at the TCdM DMR near At5TE58360, the methylation of the low-parent (Col) allele remains low in F1, whereas the high-parent (C24) allele shows a decreased methylation level in F1 relative to the C24 parent (Fig.  2D ). This pattern of methylation change was validated by Chop-PCR and cleaved amplified polymorphic sequence (CAPS)-PCR (SI Appendix, Fig. S2B ).
Identification and Characterization of Methylation Interactions in Col/ C24 SMRs. We noticed that the methylation levels of genome-wide mCG, mCHG, and mCHH were elevated in F1 hybrids relative to parents (SI Appendix , Fig. S1A) ; however, we identified only 680 TCM DMRs (Fig. 1A) , which show increased DNA methylation in F1. Non-DMRs (or SMRs) are more widespread than Col/ C24 DMRs in the Arabidopsis genome (575,977 SMRs vs. 10,581 DMRs), so we investigated whether methylation interactions occur in SMRs. Using the same approach that identified TCM and TCdM at DMRs, we uncovered 2,457 TCM and 15 TCdM SMRs (Fig. 3A) .
As expected, the methylation levels of Col and C24 parents are comparable at SMRs (Fig. 3B) . Compared with NI SMRs, TCM SMRs have significantly higher DNA methylation levels in F1 hybrids relative to both parents (Fig. 3B) . As in DMRs, we observed methylation interactions in SMRs at all three cytosine contexts (i.e., mCG, mCHG, mCHH) (Fig. 3B) . Further, allele-specific analysis revealed that DNA methylation is increased in both alleles at TCM SMRs in F1 hybrids (Fig. 3C ). We evaluated a specific TCM SMR on chromosome 4 and found that the parents have similar methylation levels, whereas the F1 hybrids showed increased methylation levels relative to PAV and to both parents (Fig. 3D) , consistent with the statistical results (Fig. 3C) .
We determined that NI SMRs are enriched within genic regions, whereas the majority of TCM SMRs are within TEs, intergenic regions, and 1 kb upstream or downstream of genes, similar to TCM and TCdM DMRs ( Table S5 ). Consistent with previous studies (7, 8) , we found that 21-nt siRNAs and 24-nt siRNAs were the most abundant siRNAs in all sequenced samples (SI Appendix, Fig. S4A ).
We observed 24-nt siRNAs at ∼88% (600) of TCM DMRs and 96% (223) of TCdM DMRs in F1 hybrids. In contrast, significantly fewer NI DMRs have 24-nt siRNAs in F1 hybrids (about 26%; Fig.  4A and SI Appendix, Fig. S4B ). These results suggested that 24-nt siRNAs are associated with DNA methylation interactions in DMRs, which is consistent with previous findings in Ler × C24 hybrids (7, 8) . We compared siRNA levels in high-parent alleles, low-parent alleles, and F1 hybrids. The MPV of siRNAs for each DMR was plotted and served as a control. The level of siRNAs in the DNA methylation high-parent allele is significantly greater than the level of siRNAs in the DNA methylation low-parent allele at both TCM and TCdM DMRs (Fig. 4B) . In F1 hybrids, most of the TCM and TCdM DMRs associated with siRNAs also have siRNAs in their high-parent allele. In contrast, only about 25% of the TCM and TCdM DMRs have siRNAs in their low-parent allele. The Although the overall siRNA level in F1 hybrids is not significantly different from the MPV at TCM DMRs, we investigated whether siRNAs from one allele could induce siRNA biogenesis from the other allele in F1. Allele-specific analysis of siRNAs is challenging, given the low frequency of Col/C24 SNPs (around 1/200 bp, on average) relative to the short length of siRNAs (24 nt). Thus, only about 16% of TCM DMRs displayed Col/C24 SNPs within siRNA sequencing reads. At one TCM DMR that we examined, the siRNAs in F1 hybrids were generated exclusively from the C24 allele. However, the methylation level of the Col allele at this TCM DMR is increased in F1 hybrids relative to the Col parent, even though Col-specific siRNAs are not detected (Figs. 2C and 4C ). We also examined other TCM DMRs, and found that when siRNAs are detected in only one parent (always the high-parent allele), all siRNAs detected in F1 hybrids are also from this parental allele (Fig. 4D) . These results suggest that at F1 TCM DMRs, siRNAs generated from one allele are sufficient to trigger TCM without induction of siRNA biogenesis from the other allele. Similarly, in the TCdM DMRs, if there are siRNAs expressed in only one of the parents (always in the high-parent allele), all siRNAs detected in F1 hybrids are from this parental allele; however, the F1 siRNA levels are reduced relative to the siRNA levels in the parent (Fig. 4D) .
To investigate whether siRNAs may also play a role in the TCM at SMRs, we compared siRNA levels at TCM and NI SMRs. We found that about 26% of NI SMRs contain siRNAs in F1 hybrids, compared with 97% of TCM SMRs (Fig. 4A) . The levels of siRNAs at the NI SMRs (n = 157,724) are comparable between parents and F1 hybrids, and much lower than at TCM SMRs (SI Appendix, Fig. S4C ). Intriguingly, although the methylation levels at TCM SMRs are higher in F1 hybrids than in their parents (SI Appendix, Fig. S3D ), the siRNA levels at these regions are similar in F1 and parents ( Fig. 4B and SI Appendix, Fig. S4D ).
Together, our results suggest that siRNAs are associated with methylation interactions at both DMRs and SMRs, and that siRNAs from one allele may induce DNA methylation at the other allele in F1 hybrids. Pol IV and Pol V Are Required for Methylation Interactions. These and previous findings (7, 8) support a role for RdDM in DNA methylation interactions in hybrids. To determine if the RdDM pathway is required for DNA methylation interactions in F1 hybrids, we analyzed parent and hybrid mutant plants deficient in RdDM activity. NRPD1 and NRPE1 are the unique, largest subunits of Pol IV and Pol V, respectively. We generated single-base resolution maps of the DNA methylomes of nrpd1nrpe1 (Col), nrpd1nrpe1 (C24) (24) , and their reciprocal F1 hybrids (SI Appendix, Tables S2-S4). We identified targets of NRPD1 and NRPE1 with reduced siRNA abundance in nrpd1nrpe1 (Col or C24; Materials and Methods), and found that 78% of the regions with methylation interactions overlapped with NRPD1 and NRPE1 targets.
To investigate the influence of NRPD1 and NRPE1 mutations on methylation interactions in F1 hybrids, we examined the methylation status of TCdM DMRs, TCM DMRs, and TCM SMRs in nrpd1nrpe1 F1 hybrids. At TCdM DMRs, WT plants showed reduced methylation levels in F1 hybrids relative to PAV and MPV ( Fig. 2A and SI Appendix, Fig. S6A ), whereas the methylation levels at these regions in nrpd1nrpe1 F1 hybrids were not significantly different from PAV or MPV (Fig. 5A and SI Appendix, Fig. S6B ). At TCM DMRs and TCM SMRs, WT F1 hybrids have significantly increased methylation levels relative to PAV and MPV (Figs. 2A and 3 B and C and SI Appendix , Fig. S6A) ; however, this increase disappeared in nrpd1nrpe1 F1 hybrids ( Fig. 5A and SI Appendix, Figs. S5A and S6B). We compared log2fold change (F1/PAV) of mCG, mCHG, and mCHH levels for WT and nrpd1nrpe1 F1 hybrids. The observed deviation of methylation levels in F1 from PAV and MPV in WT plants was diminished in nrpd1nrpe1 at all three sequence contexts, as indicated by the peak at "0," which represents no methylation interaction (Fig. 5B and SI Appendix, Fig. S6C ). This pattern was consistently observed for TCM DMRs, TCdM DMRs, and TCM SMRs (Fig. 5B) , suggesting that all methylation interactions were dependent on Pol IV and Pol V. This conclusion is also supported by the examination of individual loci (Figs. 2 C and D and 3D) .
Although the methylation levels of TCM DMRs, TCdM DMRs, and TCM SMRs in nrpd1nrpe1 F1 hybrids were not significantly different from PAV, it was possible that there were too few methylation interactions in nrpd1nrpe1 F1 to achieve statistical significance by the box plot analysis. To test this possibility, we used our original approach to identify methylation interactions using the methylomes of nrpd1nrpe1 (Col), nrpd1nrpe1 (C24), and nrpd1nrpe1 F1 hybrids. Only 0.9% of the TCM DMRs, 5% of the TCdM DMRs, and 2% of the TCM SMRs remained to be defined as regions with methylation interactions in nrpd1nrpe1 F1 hybrids. The nrpd1nrpe1 (Col) and nrpd1nrpe1 (C24) are strong RdDM mutants; therefore, the difference in methylation between nrpd1nrpe1 (Col) and nrpd1nrpe1 (C24) might be less than the difference in methylation between Col and C24, which may decrease statistical power to identify TCM and TCdM in the mutant hybrids compared with the WT hybrids. To exclude this possibility, we examined the methylation difference between nrpd1nrpe1 (Col) and nrpd1nrpe1 (C24) by identifying DMRs. However, we did not observe a decreased difference in methylation between mutant parents relative to WT parents. We identified 11,113 DMRs between nrpd1nrpe1 (Col) and nrpd1nrpe1 (C24), which is comparable with the number (10,581) between WT parents. These findings indicate that nearly all methylation interactions depend on Pol IV and Pol V, and thus on the canonical RdDM pathway.
The DNA methylation patterns in WT hybrids at TCM-DMR loci showed paramutation-like inheritance (Fig. 2C and Table 1 ). To examine whether this inheritance pattern is affected in nprd1nrpe1 mutants, we examined the allele-specific DNA methylation patterns of their F2 offspring for the two TCM-DMR loci in the nrpd1nrpe1 double mutant. Mutations in NRPD1 and NRPE1 resulted in a 3:1 ratio of methylated samples to unmethylated samples in the F2 population, indicating that the paramutation-like inheritance of methylation patterns in the TCM DMR loci is also dependent on Pol IV and Pol V (Fig. 2C and Table 1 ).
Previous studies have shown that some 24-nt siRNAs were reduced in Pol IV and Pol V mutants (Pol IV/Pol V siRNA), whereas other 24-nt siRNAs were reduced only in the Pol IV mutant (Pol IV-only siRNA) (25) . We characterized TCM DMR, TCdM DMR, and TCM SMR-associated siRNAs, and found that TCdM DMRand TCM SMR-associated siRNAs depend on both Pol IV and Pol V (Fig. 5C ). In contrast, TCM DMR-associated siRNAs seemed to depend on Pol IV but not Pol V (Fig. 5C) . A similar pattern was observed by using siRNA data from Law et al. (25) (SI Appendix, Fig. S5B ). TCdM DMRs, which are associated with Pol IV/Pol V siRNAs, have dramatically reduced mCHH methylation levels in Pol IV and Pol V mutants, whereas TCM DMRs, which are associated with Pol IV-only siRNAs, have slightly reduced mCHH methylation levels in Pol IV and Pol V mutants (Fig. 5C) . Intriguingly, the absence of Pol IV/Pol V siRNAs in TCM SMRs caused only a slight change of mCHH methylation levels in Pol IV and Pol V mutants (Fig. 5C ). These results indicate that the features of siRNAs and mCHH methylation in a region (DMR or SMR) help to characterize TCM and TCdM in F1 hybrids.
Next, we investigated whether all of the targets of NRPD1 and NRPE1 show methylation interactions in the F1 hybrids. We found that of the 70,157 regions targeted by RdDM (200-bp bins showing reduction in siRNAs in nrpd1nrpe1; Materials and Methods), only 2,288 regions correspond to TCM DMRs, TCM SMRs, or TCdM DMRs. We found that the siRNA abundance was significantly higher at RdDM target regions that show methylation interactions (Fig. 5D) . We ranked all Pol IV/Pol V target regions by their siRNA abundance from high to low into four groups, and found that the majority (70%) of the methylation interaction regions were among the higher ranked groups (first-and second-ranked groups) (Fig. 5E) . Therefore, methylation interactions in hybrids are characterized by high levels of siRNAs.
Genetic Variations Between Col and C24 Associate with Methylation
Interactions. Genetic variation has been suggested to be associated with epigenetic variation, such as differential DNA methylation (26, 27) . We asked whether genetic variation is also associated with methylation interactions in F1 hybrids. Col/C24 SNPs were used to estimate the genetic variation for a region. The number of SNPs within a region and its flanking 1-kb region was calculated as described previously (28) . We found that about 87% of NI DMRs and 80% of NI SMRs contained SNPs (Fig. 6A) . Interestingly, this percentage was 95% for TCdM DMRs, which is significantly different from the NI DMRs (Fig. 6A) , but decreased to 62% in TCM DMRs and to 53% in TCM SMRs (Fig. 6A) . These results indicate that TCdM DMRs tend to occur in regions with more genetic variations between the two parents, whereas TCM DMRs and SMRs are enriched in regions with fewer genetic variations.
We suspected that genetic variations between the two parents may affect the targeting of siRNAs from one parental allele to the other parental allele in F1 hybrids. Less genetic variation would be predicted to facilitate mutual targeting of siRNAs from one allele to the other allele to cause TCM at DMRs and SMRs; on the other hand, more genetic variation would be predicted to impede the targeting of siRNAs from one allele to the other allele, thus triggering TCdM at DMRs. To test this hypothesis, we identified SNPs within siRNA sequences and aligned siRNAs from TCM DMRs, TCM SMRs, and TCdM DMRs to perform SNP enrichment analysis. We found that TCM DMRs and TCM SMRs have comparable SNP enrichment in their associated siRNAs (Fig. 6B) . In contrast, TCdM DMRs have a much higher SNP enrichment in siRNAs compared with TCM DMR and SMR regions, with a peak at the ninth nucleotide of siRNAs (Fig. 6B) . Therefore, TCdM DMRs and TCM DMR/SMRs are positively and negatively associated with genetic variations between the parents, respectively, and TCdM DMRs correlate with an exceedingly high polymorphism in siRNAs.
RdDM Is Not Required for Establishment of Hybrid Vigor in Early
Seedling Growth. Previous studies suggested that the RdDM pathway may be involved in the regulation of hybrid vigor of Arabidopsis in early developmental stages (8, 12) . Our current findings show that RdDM is required for DNA methylation interactions in the hybrids. To examine the effects of RdDM pathway on hybrid vigor genetically, we compared F1 hybrids derived from the nrpd1nrpe1 double mutant with F1 hybrids from WT plants, focusing on several traits related to early seedling growth vigor, such as leaf and rosette sizes. Consistent with previous reports (29, 30) , F1 seedlings from the WT crosses showed obvious heterosis compared with both Col and C24 parents in plant and leaf sizes (P < 0.0001, t test; Fig. 7 ). In the nrpd1nrpe1 double-mutant background, the mutant F1 seedlings were all also bigger than their parents (Col and C24) (P < 0.0001, t test; Fig. 7) , with a similar growth pattern to the growth pattern of WT F1 hybrids (P > 0.05, t test). Therefore, the RdDM pathway and RdDM-mediated methylation interactions are not required for heterosis in Arabidopsis F1 hybrids in early seedling growth.
Discussion
Recent studies have emphasized DNA methylome interactions in an effort to understand the molecular basis of hybrid vigor (8, 12) . DNA methylation interactions in F1 hybrids have been identified at some DMRs between the two parents, where TCM or TCdM alters DNA methylation on one allele to resemble the other allele. Consistent with these reports, our analyses also identified methylation interactions at hundreds of DMRs. Unexpectedly, our analyses revealed that DNA methylation interactions also exist in thousands of SMR loci, demonstrating a dominant role of transgressive DNA methylation in hybrid methylome interactions.
In our analysis, methylation interaction regions were identified as chromosome fragments of at least 200 bp, so as to focus on clustered TCM or TCdM cytosines within DMRs or SMRs. This analysis pipeline is consistent with the notion that heritable changes in the methylation status of cytosine clusters are functionally more relevant than individual cytosines (31, 32) . In addition to identifying SMRs as major loci with methylation interactions, our genetic analyses using the nrpd1nrpe1 double mutant demonstrated a critical role for RdDM in hybrid methylome interactions. RdDM is required for almost all DNA methylation interactions, as shown by the loss of TCM and TCdM patterns at DMRs and SMRs in the nrpd1nrpe1 mutant F1 hybrids (Fig. 5 A  and B) . On the other hand, only a subset of RdDM target loci constitutes methylation interaction regions. TCM/TCdM RdDM loci have higher levels of siRNAs than RdDM loci without methylation interactions (Fig. 5D) . Indeed, the relative abundance of siRNAs at RdDM loci indicates the probability of methylation interactions in Arabidopsis hybrids.
Our analyses revealed that TCdM DMRs are characterized by high genetic variation between the two parents (Fig. 6A) such that the siRNAs from the high-parent allele are too divergent and likely cannot target the low-parent allele to induce methylation. Intriguingly, methylation of the high-parent allele is not maintained (Fig. 2B) , thus causing an overall decrease in methylation in the hybrids. This observation suggests that RdDM of one allele may require the participation of the other allele. It seems that at RdDMdependent DMRs, a productive interaction between the alleles is required to maintain the DNA methylation of the high allele, but this productive interaction does not happen at the TCdM loci due to the divergence of the two alleles. Our analyses also revealed that overall siRNA levels at TCM DMRs in hybrids are similar to parental siRNA MPVs (Fig. 4B) , whereas methylation levels at these regions are higher than parental methylation MPVs. This increase in DNA methylation without increase in siRNAs may be due to transallelic action of siRNAs (i.e., siRNAs from one parent causing DNA methylation not only at the parent allele but also at the other allele, resulting in increased total DNA methylation but not siRNA levels). In addition to causing the methylation increase of the low-parent allele, our analysis showed that there is an increase in the methylation level of the high-parent allele at TCM DMRs in the hybrids (Fig. 2B) . The newly gained methylation in the low-parent allele may be important for the methylation increase in the high-parent allele.
We do not know how the low-parent allele may participate in the RdDM of the high-parent allele. However, because the role of the low-parent allele is not to provide the mobile siRNAs, we propose that the two alleles must interact through physical association. Our results thus suggest that RdDM in plants may involve interallelic pairing. Numerous other epigenetic phenomena, such as olfactory receptor choice, X-chromosome inactivation, and gene regulation, also appear to involve interallelic pairing (33, 34) . X-chromosome inactivation and RdDM have been shown to require structural maintenance of chromosomes (SMC) proteins, which are involved in higher order chromosome structure and dynamics, such as sister chromatid pairing and chromosome condensation (35, 36) . SMC proteins may promote interallelic pairing and feedback regulation in these RNA-mediated epigenetic processes. Alternatively, the activity of the two alleles may be controlled by epistatic interactions or developmental regulation.
Our analyses of allele-specific DNA methylation revealed that DMRs without methylation interactions showed parental levels of allele-specific methylation in F1 and Mendelian segregation in F2 progenies (SI Appendix, Fig. S1C and Table S1 ), indicating that these DMRs are inherited stably, and thus can be used as epigenetic markers in genetic analysis. For instance, ddm1-induced DMR markers have been applied in mapping complex traits, including root length and flowering time, that are associated with heritable epimutations in Arabidopsis (31). In contrast, the DNA methylation patterns of TCM DMRs exhibited a paramutation-like behavior in F1 and F2 (Fig. 2C , Table 1 , and SI Appendix, Fig. S2D ). Remarkably, RdDM dysfunction changed the pattern of inheritance from paramutation-like to Mendelian inheritance. A previous study (37) did not find significant evidence for paramutation in soybean F2s, possibly because the methylome sequencing had low coverage.
Notwithstanding the critical role of RdDM in hybrid DNA methylome interactions, our analyses provided genetic evidence that RdDM is not required for hybrid vigor in Arabidopsis Col × C24 hybrids, at least at the stage of early seedling growth (Fig. 7) . This result is not inconsistent with previous findings. For instance, although F1 hybrids that are defective in RdDM lose the parent-oforigin effects on circadian rhythm, they still display hybrid vigor compared with their parents (38) . Greaves et al. (7) also described methylation interactions in hybrids. Changes in DNA methylation were found to correlate with changes in gene expression, but a role for the methylation interactions in hybrid vigor was not tested. It has been shown that the RNA methyltransferase HEN1 (8), which is crucial for the biogenesis of sRNAs, including both siRNAs and microRNAs (miRNAs), is required for hybrid vigor. However, it is unclear whether this requirement for HEN1 arises from its role in the RdDM pathway or miRNA pathway. The F1 hybrids generated by reciprocal crosses of maize B73 and Mo17 show clear hybrid vigor and an alteration of 24-nt siRNA profiles compared with their parents (39) . Consistent with our findings in Arabidopsis, hybrid vigor is fully maintained even upon disruption of MOP1, the maize ortholog of RDR2, in both B73 and Mo17, despite a global reduction in 24-nt siRNAs. Thus, RdDM also does not appear to be involved in hybrid vigor regulation in maize. These conclusions are consistent with the observation that despite important roles of RdDM in establishing genomic DNA methylation patterns and in silencing TEs and transgenes, it is not critical for plant growth and development in Arabidopsis (6). However, it remains possible that certain RdDM-independent methylation interactions or other types of epigenetic interactions may be important for hybrid vigor. Recently, using a similar pipeline as ours, Rigal et al. (40) WT nrpd1 nrpe1 Although DNA methylation interactions are not critical for hybrid vigor, they are clearly important for the establishment of DNA methylation patterns in the hybrid. DNA methylation patterns regulate gene expression and influence genetic variations during evolution (41, 42) . Thus, due to their important role in the formation of the DNA methylome in hybrids, DNA methylation interactions may represent an important factor in genome evolution and hybridization-facilitated speciation.
Materials and Methods
Plant Materials and Growth. Arabidopsis seeds were stratified for 7 d at 4°C and grown on 1/2 Murashige and Skoog (MS) nutrient medium containing 0.6% agar under long-day conditions (16-h light/8-h dark cycle at 22°C). For next-generation sequencing, 2-wk-old seedlings were flash-frozen in liquid nitrogen, ground to powder, and stored at −80°C. To analyze the effects of the RdDM pathway on hybrid vigor, 7-d-old seedlings grown on half-MS medium were moved to soil to grow for 2 wk for further quantification; the largest leaf of each plant was selected for the quantification of leaf width and plant radius.
Genotyping of Mutants and Hybrids. Mutants and their F1 hybrids were genotyped according to nrpd1 and nrpe1 mutant information (SI Appendix, Table S2 ), and then at least one natural variant site was selected between Col and C24 to confirm further that the F1 progenies were really from hybridization of Col and C24. Primers and enzymes used in genotyping are listed in SI Appendix, Table S3 .
Next-Generation Sequencing and Data Analyses. Genomic DNA and RNA were extracted from 2-wk-old seedlings, and shipped to the Beijing Genomics Institute (Shenzhen, China) for whole-genome bisulfite sequencing and sRNA sequencing. The parent that was used in methylome sequencing came from the same batch of seeds as the parent used in the crosses.
For bisulfite sequencing data processing, adapter and low-quality reads (q < 20) were trimmed first. Then, the remaining clean reads were mapped to the Col-0 TAIR10 Arabidopsis thaliana genome by BSMAP aligner, allowing up to four mismatches (43) . Unique mapped reads were extracted to determine the cytosine methylation level as previously described (20) , and only those cytosines with more than four reads in a library were used for our study.
Analysis of sRNA data was carried out according to an earlier study (44) . In brief, clean reads were aligned to The Arabidopsis Information Resource 10 (TAIR10) genome assembly using the Burrows-Wheeler alignment tool (BWA) (45) with fault arguments, and reads not mapped to tRNA and rRNA were retained. Then, we removed the sRNA reads aligned to Arabidopsis miRNA from miRBase (46) , and the remaining reads were used for subsequent analysis. Counts of 24-nt siRNAs for each locus were normalized by the total number of mapping reads as the library size. About 10 million reads were generated from each library and successfully mapped to the Arabidopsis TAIR10 genome for Col, C24, and their reciprocal F1 hybrids (Col × C24 and C24 × Col) under WT and mutant background (SI Appendix, Table S4 ).
To discern reads from parents in F1 hybrids for allele-specific DNA methylation and siRNA profile analyses, the SNPs between Col and C24 accessions were obtained from the 1001 Genomes Project of Arabidopsis (1001genomes.org/data/ MPI/MPISchneeberger2011/releases/current//C24/Marker/C24.SNPs.TAIR9.txt) (47) .
Characterizing DMRs Showing Methylation Interaction in F1 Hybrids. Identification of DMRs between Col and C24 was conducted according to our previous methods (48) , with modifications. In brief, only cytosines with at least fourfold coverage in a library were considered, and then a 200-bp tiling window was used to search the whole genome. DNA methylation levels between two parents were compared pairwise through Fisher's exact test, and then estimated FDRs were generated to adjust P values using the Benjamini-Hochberg method. Resultant windows with an adjusted P value less than 0.01 and a >1.5-fold change of the methylation level were retained for ensuing study. The DNA methylation levels of each region were average methylation levels over a standard size region, the number of methylated cytosines divided by the number of total cytosines (mC/ total C). Moreover, the P value of each cytosine in the selected regions was calculated by Fisher's exact test, and it was considered as a differentially methylated cytosine (DMC) if its P value was not greater than 0.05. Finally, regions were defined as DMRs only if they contained at least seven DMCs.
PAV/Weighted Methylation Levels. To discover DMRs showing methylation interaction, the weighted methylation level of F1 hybrid for each DMR was calculated as the PAV according to a previous study (21) , with modifications. In short, the combined parental methylated reads were divided by the combined parental total reads inside parental DMR using the following formula:
where i is the position of cytosine, n is the total number of cytosine positions in the DMR, MC is the maternal methylated reads, PC is the paternal methylated reads, MT is the maternal total reads, PT is the paternal total reads, and total reads contain the methylated and unmethylated reads. Subsequently, Fisher's exact test was executed on F1 offspring and their corresponding PAV to compare the DNA methylation level between parents and their progeny. The FDR was also controlled through adjustment of P values using a Benjamini-Hochberg method. Regions with P < 0.01 were retained and classified as DMRs with methylation interaction only if their methylation levels in progeny were lower or higher than their parents. The reciprocal F1 hybrids were each compared with PAV for every region, and the regions with FDR < 0.01 in both comparisons were considered as methylation interaction regions.
MPV/Mean Methylation Levels. To determine the MPV of F1 hybrids for corresponding regions, the mean methylation levels were calculated as previously described (7, 8) . In brief, the mean value of parental methylation for each region was calculated.
Characterizing SMRs Showing Methylation Interaction in F1 Hybrids. Regions were searched on the genome other than DMRs by using a 200-bp sliding window. The DNA methylation level of F1 and its corresponding PAV were compared pairwise through Fisher's exact test, and the P values were adjusted through the Benjamini-Hochberg method. Windows with an adjusted P value less than 0.01 were retained for further analysis. Moreover, only regions whose methylation levels in F1 are higher or lower than both parents were considered as candidates with methylation interaction.
Identification of Targets of Pol IV and Pol V. Characterization of targets by Pol IV and Pol V were carried out as previously described (25) . Briefly, to identify the sRNA clusters, we divided the genome into 200-bp bins, using bedtools to obtain the overlapping mapped 24-nt siRNA reads, and abundances of siRNA in Col and nrpd1nrpe1 double mutant were calculated. To define the targets of Pol IV and Pol V, we compared the differential expression levels of siRNA cluster between Col and nrpd1 nrpe1 double mutant using Fisher's exact test. Then P values were adjusted to estimate the FDR using the Benjamini-Hochberg method. The regions with FDR < 0.05 were characterized as a differentially expressed siRNA cluster between Col and nrpd1nrpe1 double mutant, and were considered as targets of Pol IV and Pol V.
PCR Assay and Genotyping. For Chop-PCR, genomic DNA (1 μg) digested with methylation-sensitive enzyme MspI overnight was used to amplify the indicated regions. Next, CAPS-PCR was performed to determine the methylation status of different alleles (SI Appendix, Fig. S1E ). Genotyping was also performed with CAPS-PCF. Primers used in Chop-PCR and CAPS-PCR are listed in SI Appendix, Table S5 .
Statistical, Graphics, and Visual Analyses. The R statistical computing package was applied to perform statistical analyses and generate associated graphics (49) . The genome-wide DNA methylation profile was visualized in Integrative Genomics Viewer (50) or Integrated Genome Browser (51).
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To characterize TCM and TCdM DMRs, we calculated the DNA methylation levels of high parent (Col and C24 for Col_DMRs and C24_DMRs, respectively), low parent (C24 and Col for Col_DMRs and C24_DMRs, respectively) and reciprocal F1 hybrids and PAV of F1 hybrids for each DMR. As expected, at NI DMRs, methylation levels of F1 hybrids fall between those of high and low parents, and are not significantly different from PAV values (Figure 2A) . However, we found that the F1 methylation levels are significantly higher and lower than PAVs at TCM and TCdM DMRs, respectively (Figure 2A ).
To investigate how high and low parent alleles of F1 contribute to the deviation of F1 methylation levels from PAVs, we evaluated allele-specific methylation patterns of DMRs containing at least one single nucleotide polymorphism (SNP) between Col and C24. At NI DMRs, F1 high-parent alleles and low-parent alleles maintained similar methylation levels as their high-and low-parents, respectively (Figure 2B) , suggesting that parental methylation patterns were maintained at NI DMRs in F1 hybrids. We uncovered At3g44800 as an NI DMR (SI Appendix, Figure S1C ) and employed Chop PCR (methylation-sensitive restriction digestion followed by PCR) to validate this classification (SI Appendix, Figure S1D and E). The Col and C24 alleles in F1 were distinguished by CAPS-PCR (Cleaved Amplified Polymorphic Sequences PCR), which was designed based on a SNP within this region (SI Appendix, Figure S1D and E). We examined the allele-specific DNA methylation status of At3g44800 for 41 and 42 individual F2 plants, derived from crossing reciprocal F1 hybrid plants, by methylationsensitive PCR followed by CAPS-PCR ( Table 1 Figure 5A ). (C) For TCdM DMRs, TCM DMRs and TCM SMRs, the differences of mCG, mCHG, and mCHH levels between F1 and MPVs are shown for wild type and nrpd1nrpe1 (related to Figure 5B ). 
